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Abstract

Particle traces and ribbons are often used to depict the structure of
three-dimensional flow fields, but images produced using these models can
be ambiguous. Stream surfaces offer a more visually-intuitive method for
the depiction of flow fields, but interactive response is needed to allow
the user to place surfaces which reveal the essential features of a given
flow field. This report describes FLORA, a software package which sup-
ports the interactive calculation and display of stream surfaces on Silicon
Graphics workstations.

Alternative methods for the integration of particle traces were exam-
ined, and calculation through computational space was found to provide
rapid results with accuracy adequate for most purposes. Rapid calculation
of traces is teamed with progressive refinement of approximated surfaces.
An initial approximation provides immediate user feedback, and subse-
quent improvement of the surface ensures that the final image is an ac-
curate representation of the flow field. FLORA normally depicts surfaces
with shaded raster images, but can also produce line-art for publication.
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1 Nomenclature

X [¢,5,k] physical position of grid sample point
(z,9,z) point in physical (Cartesian) space
(6m,¢)  point in computational (grid) space
(a,8,7) fractional parts of (¢,7,¢)

2 Traces, Ribbons, and Surfaces

The most common method of depicting a velocity field in three-dimensional flow data
is the “particle trace.” This is the curve which begins at a given seed point and is
everywhere tangent to the interpolated vector samples. A collection of traces can
show the shape of the numerical field just as smoke or dye reveals the structure of
an empirical flow. Unfortunately, images of complex flows often resemble a plate of
spaghetti. As simulation technology advances and simulated flow fields become more
complex, this bad situation will get worse.

Somewhat more intelligible images can be made by representing each trace, not
as a curved line, but as a space-filling and shaded cylindrical tube. These “3.d
space tubes” [4] carry visual cues which help a viewer interpret the three-dimensional
structure represented in the two dimensional image.

Alternatively, the shape of each curve can be conveyed to the viewer by depicting
it as a flat ribbon which is everywhere aligned with the tangent and binormal of the
local Frenet frame [12]. Instead of fixing the orientation of the ribbon with respect to
purely geometric measures of the curve, Arrott [1] related it to the local value of the
helicity. This produced “twisties” which form corkscrews in highly rotational flow
regions.

Belie (2] depicted this rotational information by computing pairs of particle traces
from closely spaced starting positions, and constructing the ribbons which span the
narrow gap between them. In divergent flow that gap can grow quite large, and so
he constrained the traces during calculation to a constant separation distance.

Whatever method is used to construct ribbons, the viewer is given little aid in the
task of developing an understanding of the overall structure of the flow. Individual
traces and ribbons may be understandable in themselves, but the collection of shapes
conveys no global meaning.

Volpe [14] has demonstrated that careful manual placement of closely-spaced sets
of streamlines can depict stream surfaces which appear to a viewer as a single cohesive
structure. He shows that these objects are “an excellent way of depicting streamline
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roll-up and vortices.” The shading and self-obscuration of these surfaces provide
visual cues which help one to interpret the image. Surfaces can curve both across
and down their length, and can widen in divergent flow. Surfaces can be overlaid
with texture to represent additional data. Finally, surfaces rendered with variable
transparency can mimic the appearance of empirical flow visualizations.

3 Interactivity

The usefulness of an image is critically dependent on the placement of each surface.
The key to finding good placements is interactivity. The user must be able to move
a seed through the flow field and be provided with almost immediate display of the
resulting trace. This greatly speeds the task of constructing a useful image, since
it allows the user to quickly evaluate a large number of alternative sites. Because
surfaces are composed of a number of particle traces, they are that much more time-
consuming to construct and that much more difficult to place.

I present new methods which support the interactive calculation and display of
stream surfaces. These ideas have been implemented in FLORA, a software package
which runs on Silicon Graphics workstations. Each surface is constructed over a
set of traces which are computed from positions along a seed line or “rake.” The
system employs progressive refinement of the displayed surface, guided by differential
measures of the evolving surface and physical constraints on its construction. These
guidelines also automate some of the concerns of creating a useful image, such as the
“ripping” of highly divergent surfaces and the terminating of traces which exceed a
given error threshhold. :

For interactive use, some error in the computed surface is acceptable, as long as
that error will be corrected eventually, and as long as the interim results are not
radically different from the final version. When the rake is moved to a new position,
the surface is initially displayed in a crude form based on a small number of traces.
The approximate solution provides a guide which allows quick comparison of different
seed placements. As long as the rake remains in the same place, additional traces are
added to improve the accuracy of the surface.

4 Trace Calculation

PLOT3D (3] is the plotting package most widely used at NASA-Ames. It depicts flow
fields using a number of different methods, including particle traces. Each trace is
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calculated with a second-order Runge-Kutta method through the physical coordinates
(z,y,z) of the sample vector values. The interpolation scheme, however, is defined
in the computational-space coordinates (¢,7,¢) of the given point. Letting (a,3,7)
represent the fractional parts of the computational space coordinates of a given point,
the interpolant maps the vertices X [¢,7, k] of the enclosing cell to the physical space
coordinates of that point:

i’.= (l‘a) (l_ﬂ) (1—7) 1{:[0,0,0]

+ (I1-a) (1-8) () X{0,0,1]
+ (1-a) (B (1-19) X[0,1,0]
+ ..

F @ B @ fLLy

In this “mixed-space” method, it is rather difficult to determine the computational-
space offsets within a cell which correspond to a given point in physical coordinates.
It is essentially a problem of inverting the trilinear vector equation to find (a,3,7)
for a given physical space position. Once these weights are known, they may be used
to interpolate the velocity at that position.

Because this inversion of the interpolant can be so time-consuming, the integration
code of PLOT3D has been installed on the Cray-2 at NASA-Ames. This numerical
code can be teamed with a graphics front-end running on a Silicon Graphics worksta-
tion. This “Remote Interactive Particle-tracer” [10] combines the speed and memory
capacity of the supercomputer with the graphics display hardware of the workstation
to produce a highly-interactive visualization tool.

If the available memory is sufficient to store the grid and flow field data, adequate
speed can be obtained on workstations by converting the vector field samples from
physical space to computational coordinates. Each trace is then computed through
the set of cubic cells, and the result is mapped into physical space for display. In
the program STREAMS3D [5], the conversion of vector samples is performed on an
as-needed basis, while Volpe [14] chose to convert all the samples in a single prepro-
cessing step. Since this “computational-space method” avoids repeated inversion of
the interpolant between physical and computational space, it is much faster then the
mixed-space method. A 1.5 megaFLOP workstation can compute and display a trace
of several hundred points in under one second.

This speed comes at the cost of decreased accuracy. The grid transformation is
rarely defined in closed-form and must be approximated by a local Jacobian matrix,
which is itself approximated using stencils. These stencils tend to smooth the grid,
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so that when a calculated trace is mapped into physical space for display, grid dis-
continuities reappear as “kinks” in the traces. These errors are usually not large, and
so this method can be used to support interactive manipulation of stream surfaces
represented by a handful of traces.

5 High-Level Control

The task of controlling a surface to produce of useful image can be difficult; the
variations are many and the results vastly different. FLORA provides mechanisms
which enable the user to control the appearance of a surface by imposing limits on
its construction. Since this is still very much an unexplored area, these constraints
have been implemented in Scheme, a fully-general interpreted programming language.
This environment provides the ability to define functions “on-the-fly” in the midst
of a visualization session and supports the development of constraints of arbitrary
complexity.

The construction and refinement of a surface must satisfy constraints which en-
sure accurate “physical” behavior. The satisfaction of physical constraints include
restrictions that prevent a trace from entering a solid object. It also precludes the
construction of a ribbon which has edges passing on opposite sides of an obstacle. -
Targets for accuracy limit the length of each trace to maintain an upper bound on
the accumulated numerical error. Other constraints limit the maximum width of a
ribbon; a pair of traces which diverge too far apart from one another should not be
connected by large (and meaningless) triangles.

Aesthetic concerns are addressed using the same mechanism of constraints. The
amount of stretch accommodated by a surface before it is torn can be specified as a
limit on the rate of growth of the width of each gap. Truncation of a surface which
encounters a region of high density, for example, is a potential useful visualization
technique which could be specified in this environment.

68 The Construction of Ribbons

A surface is composed of a number of adjacent ribbons; each depicted on the work-
station display as a sequence of triangles. A ribbon is constructed starting at the
initial points of two traces. This edge is combined with the second point on one of
the two traces to form the first triangle. This point and the vertex on the opposite
trace form a new base edge, which is shared with the next triangle. The entire ribbon



is constructed as the result of a sequence of choices which advance along the two
traces, producing a new triangle at each step. The repeated choice of whether to
advance along the left or the right trace can be based on any one of four different
criteria. In the limiting case, with tightly-spaced traces and tightly-spaced points
along each trace, the choice of construction method will make little difference in the
appearance of a surface. But when a surface is approximated by a very few traces,
perhaps computed with very large stepsizes, the method of construction can greatly
alter the result.

The simplest method alternates sides, thereby using up point values on the two
traces at an equal rate. Since the points which share the same index on two traces do
not share the same time value, it would be difficult to overlay the surface with lines
of constant elapsed time. Renormalizing the points along a trace so that successive
points on a trace differ by a constant time increment is one solution to this problem,
provided that adequately close physical spacing is maintained.

In highly sheared flow, points of equal elapsed time on two closely spaced traces
may themselves be quite widely separated. Lockstep connection of these points will
produce highly skewed triangles and will exhaust one trace before reaching the end
of the other. Siclari [11] proposed normalizing the traces by arc length to overcome
this difficulty.

In helical flow, maintaining connection on the basis of equal arc length will produce
highly suspect results. The trace which lies closest to the center will be straighter than
its partner, and triangles will once again span an increasingly greater distance. In this
case, construction of a ribbon which maintains a minimal width may be preferable,
at least until additional traces can be computed to resolve more detail in this portion
of the flow. A related method [7] could be applied to derive the set of polygons which
comprise the minimal surface between the two traces.

Even as simple a matter as the construction of triangles between two particle
traces has several “correct” solutions. Direct control over this construction, and over
other aspects of the visualization process, allows the user to produce images which
are accurate and intuitively understandable representations of the flow field data.

7 Image Rendering

For interactive use, the system displays stream surfaces as shaded raster images using
the display hardware of the Silicon Graphics workstation. Hard copy is available using
color printers manufactured by Seiko and Tektronix. Alternatively, the surfaces can



be depicted as line art described in the Postscript page description language.

Line art offers several advantages over more realistic images. It is accepted by
all major journals; shaded color images are not. Information presented as line art
survives photocopying and preservation as microfiche. Finally, line art can present
the essential features of a structure without distraction. It is for this reason that
automobile repair manuals are filled with illustrations, rather than photographs.

Line art is not supported by graphics workstations; custom software is used to
produce these images. The primary task is the identification of “silhouette edges”
which depend upon the shape of the surface and upon the angle of view. These edges
are explicitly added to the scene to be displayed.

The image is rendered using the “painter’s” algorithm [6,9]. The polygons which
comprise the scene are sorted by distance from the viewer. These polygons are then
displayed, starting with the furthermost and ending with those at the front of the
scene, with each new polygon obscuring those which lie behind it. In some cases, a
partial ordering of the polygons cannot be found and additional subdivision of some
polygons must be performed.

8 System Implementation

FLORA was prototyped in the C language, and is roughly 10,000 lines of source
code. It makes extensive use of the “Panel Library,” [13] a software package which
implements sliders, buttons, and other components of a mouse-based user interface.

To obtain maximal benefit from the interactive speed provided by this software,
the user interface has been designed to be as intuitive as possible. “Point-and-click”
mouse actions are used for the most common operations. To move a rake into position,
the user selects it using the mouse and then drags the rake across the screen. The
rake’s position shifts through a plane orthogonal to the current viewing direction.
While the rake is in motion, traces attached to that rake are computed and displayed
at interactive frame rates.

The constructed surfaces can be displayed in a number of separate windows; each
with its own viewing angle and magnification. Users often move a rake in one window
at high magnification, while viewing the resultant surface from another angle in a
second window. This approach allows the precision placement of several rakes in a
few minutes; a vast improvement over what has previously been possible.

Current efforts are aimed at combining the central numerical kernel of the proto-
type with a reconfigurable user interface implemented in Scheme, a dialect of LISP.
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The intent is to combine the best features of each language into a single program.
The compiled C modules provide the speed required for calculation and display of
surfaces. The interpreted Scheme environment simplifies the implementation of those
features which demand flexibility, such as the definition of surface constraints and
the specification of surface colors and light sources.

9 Results

The accompanying figures depict flow field data computed by Hung and Buning 8].
This is a symmetric flow about a vertical blunt fin. The grid and the surfaces have
been reflected about the midline so that two views of the data may be presented in
a single image. The first figure shows the primary horseshoe vortex using traditional
particle traces. In the second figure, the vortex is depicted far more clearly when
ribbons are constructed between each adjacent pair of traces. A wider surface presents
a somewhat different view of flow field in figure three, and user controlled trimming
of that surface produces the result shown in figure four.

A system has been built which can compute and display stream surfaces in re-
sponse to a user’s interactive command. These surfaces can be used to depict a flow
field more accurately and intuitively than has been possible with particle traces and
flow ribbons. Line art depiction of the surfaces for publication is supported.

This work has demonstrated that with cautious allocation of system resources
modern graphics workstations can support highly complex tasks. Response time
for each user command is kept minimal, even if this requires the presentation of
highly simplified results. These crude initial results are sufficient to allow the user
to identify those regions of the flow field which merit attention. Eventual refinement
of the surface ensures that accurate results are obtained without distracting the user
with unpredictable delays.
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2) Narrow surface constructed on the same traces.
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